SMC-TR-99-17 


AEROSPACE  REPORT  NO. 
TR-98(8555)-19 


THE  AEROSPACE 

CORPORATION 

Segundo,  California 


Space  Charge  Limited  Degradation  of 
Bipolar  Oxides  at  Low  Electric  Fields 


15  May  1999 


Prepared  by 

S.  C.  WITCZAK,  R.  C.  LACOE,  and  D.  C.  MAYER 
Electronics  Technology  Center 
Technology  Operations 
The  Aerospace  Corporation 

D.  M.  FLEETWOOD 
Sandia  National  Laboratories 
Albuquerque,  NM  87185-1083 

and 

R.  D.  SCHRIMPF  and  K.  F.  GALLOWAY 
Department  of  Electrical  and  Computer  Engineering 
Vanderbilt  University 
Nashville,  TN  37235 


Prepared  for 

SPACE  AND  MISSILE  SYSTEMS  CENTER 
AIR  FORCE  MATERIEL  COMMAND 
2430  E.  El  Segundo  Boulevard 
Los  Angeles  Air  Force  Base,  CA  90245 


Engineering  and  Technology  Group 


APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED 


otic 


Quality 


19990603  164 


This  report  was  submitted  by  The  Aerospace  Corporation,  El  Segundo,  CA  90245-4691, 
under  Contract  No.  F04701-93-C-0094  with  the  Space  and  Missile  Systems  Center,  2430  E. 
El  Segundo  Blvd.,  Suite  6037,  Los  Angeles  AFB,  CA  90245-4687.  It  was  reviewed  and 
approved  for  The  Aerospace  Corporation  by  R.  P.  Frueholz,  Principal  Director,  Electronics 
Technology  Center.  Michael  Zambrana  was  the  project  officer  for  the  Mission-Oriented 
Investigation  and  Experimentation  Program  (MOIE)  program. 

This  report  has  been  reviewed  by  the  Public  Affairs  Office  (PAS)  and  is  releasable  to  the 
National  Technical  Information  Service  (NTIS).  At  NTIS,  it  will  be  available  to  the  general 
public,  including  foreign  nationals. 

This  technical  report  has  been  reviewed  and  is  approved  for  publication.  Publication  of  this 
report  does  not  constitute  Air  Force  approval  of  the  report's  findings  or  conclusions.  It  is 
published  only  for  the  exchange  and  stimulation  of  ideas. 


Michael  Zambrana 
SMC/AXE 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering 
and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of 
information,  including  suggestions  for  reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite 
1204,  Arlington,  V A  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 


1 .  AGENCY  USE  ONLY  (Leave  blank) 


2.  REPORT  DATE 

15  May  1999 


3.  REPORT  TYPE  AND  DATES  COVERED 


4.  TITLE  AND  SUBTITLE 

Space  Charge  Limited  Degradation  of  Bipolar  Oxides  at 

Low  Electric  Fields 

5.  FUNDING  NUMBERS 

6.  AUTHOR(S) 

Witczak,  S.C.,  Lacoe,  R.  C.,  and  Mayer,  D.  C.,  The  Aerospace  Corporation; 

Fleetwood,  D.  M.,  Sandia  National  Laboratories;  and  Schrimpf,  R.  D.,  and 

Gallowav.  K.  F„  Vanderhilt  TTniversitv. 

F047 0 1 -93-C-0094 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES)  i 

The  Aerospace  Corporation 

Technology  Operations 

El  Segundo,  CA  90245-4691 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

TR-98(8555)-19 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Space  and  Missile  Systems  Center 

Air  Force  Materiel  Command 

2430  E.  El  Segundo  Blvd. 

_ Los  Angeles  Air  Force  Base.  CA  90245 _ 

10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 

SMC-TR-99-17 

11.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  ( Maximum  200  words) 

P-type  MOS  capacitors  fabricated  in  two  bipolar  processes  were  examined  for  ionizing  radiation- induced  threshold  voltage 
shifts  as  a  function  of  total  dose,  dose  rate,  temperature,  and  bias.  Hydrogen  passivation  of  acceptor  impurities  near  the  Si 
surface  was  observed  through  decreases  in  the  Si  capacitance.  The  reduction  in  net  electrically  active  dopants  shifts  the 
threshold  voltage  negative  with  total  dose.  The  relative  contribution  of  dopant  passivation  to  the  radiation- induced 
threshold  voltage  shift  is  most  significant  for  irradiations  performed  under  zero  bias  above  100°C.  For  zero  bias,  dopant 
passivation  and  densities  of  radiation- induced  interface  traps  and  net  positive  oxide  trapped  charge  all  exhibit  true  dose 
rate  and  time  dependent  effects.  A  positive  gate  bias  during  irradiation  eliminates  the  dose  rate  dependence.  High  dose 
rate  irradiation  at  elevated  temperatures  enhances  oxide  degradation  while  simultaneously  accelerating  the  annealing  of 
damage.  The  enhancement  in  interface  trap  formation  is  greater  than  that  of  net  positive  oxide  trapped  charge  and  occurs 
over  a  greater  range  of  temperatures.  The  temperature  dependence  of  dopant  passivation  indicates  that  hydrogen  transport 
through  the  oxides  is  accelerated  with  temperature.  These  results  strongly  suggest  that  metastably  trapped  charge  in  the 
oxide  bulk  reduces  high  dose  rate  degradation  at  room  temperature  by  inhibiting  the  transport  of  holes  and  H*  ions. 


14.  SUBJECT  TERMS 

Dose  rate  dependent  degradation 

MOS  capacitors 

15.  NUMBER  OF  PAGES 

17 

Hydrogen  passivation  of  Si  acceptors 

Space  charge 

16.  PRICE  CODE 

Hydrogen  transport 

Threshold  voltage 

17.  SECURITY  CLASSIFICATION  118.  SECURITY  CLAS&jft&ATION  |19.  SECURITY  CLASSIFICATION  I  20.  LIMITATION  OF  ABSTRACT 


OF  REPORT 

Unclassified 


OF  THIS  PAGE 

Unclassified 


OF  ABSTRACT 

Unclassified 


NSN  7540-01-280-5500 


Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  Z39-18 
298-102 


2339 


Space  Charge  Limited  Degradation  of  Bipolar 
Oxides  at  Low  Electric  Fields 
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Abstract 

P-type  MOS  capacitors  fabricated  in  two  bipolar  processes 
were  examined  for  ionizing  radiation-induced  threshold  volt¬ 
age  shifts  as  a  function  of  total  dose,  dose  rate,  temperature 
and  bias.  Hydrogen  passivation  of  acceptor  impurities  near 
the  Si  surface  was  observed  through  decreases  in  the  Si  ca¬ 
pacitance.  The  reduction  in  net  electrically  active  dopants 
shifts  the  threshold  voltage  negative  with  total  dose.  The 
relative  contribution  of  dopant  passivation  to  the  radiation- 
induced  threshold  voltage  shift  is  most  significant  for  irradia¬ 
tions  performed  under  zero  bias  above  100°C.  For  zero  bias, 
dopant  passivation  and  densities  of  radiation-induced  interface 
traps  and  net  positive  oxide  trapped  charge  all  exhibit  true 
dose  rate  and  time  dependent  effects.  A  positive  gate  bias 
during  irradiation  eliminates  the  dose  rate  dependence.  High 
dose  rate  irradiation  at  elevated  temperatures  enhances  oxide 
degradation  while  simultaneously  accelerating  the  annealing 
of  damage.  The  enhancement  in  interface  trap  formation  is 
greater  than  that  of  net  positive  oxide  trapped  charge  and  oc¬ 
curs  over  a  greater  range  of  temperatures.  The  temperature 
dependence  of  dopant  passivation  indicates  that  hydrogen 
transport  through  the  oxides  is  accelerated  with  temperature. 
These  results  strongly  suggest  that  metastably  trapped  charge 
in  the  oxide  bulk  reduces  high  dose  rate  degradation  at  room 
temperature  by  inhibiting  the  transport  of  holes  and  H+  ions. 

I.  INTRODUCTION 

For  a  given  total  dose,  radiation-induced  degradation  of 
many  types  of  bipolar  transistors[l-15]  and  circuits [16-26]  is 
more  severe  following  low  dose  rate  exposure  than  following 
high  dose  rate  exposure.  This  behavior  has  been  character¬ 
ized  by  a  combination  of  true  dose  rate  and  time  dependent 
effects!  1, 10,17, 23],  where  the  former  indicates  the  failure  of 
high  dose  rate  exposure  and  anneal  to  simulate  the  low  dose 
rate  response[  1,3,10,17,19].  Since  microelectronic  devices  in 
space  are  generally  subjected  to  low  dose  rate  irradiation,  this 
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complicates  the  hardness  assurance  testing  of  linear  circuits 
and  can  lead  to  an  overestimation  of  device  lifetime  in  space. 

Previous  work  examining  the  physical  mechanisms  re¬ 
sponsible  for  this  dose  rate  effect  has  focused  primarily  on 
oxide  trapped  charge  above  the  emitter-base  junctions  of  npn 
transistors[2,3,6,ll,  14, 18,20, 23,27-29]  and/or  device  process 
flows[  1,6, 7, 18,20,28].  Radiation-induced  net  positive  oxide 
trapped  charge  degrades  the  current  gain  of  npn  transistors  by 
increasing  base  recombination  near  the  Si  surface.  Reduced 
base  recombination  following  high  dose  rate  irradiation  has 
been  attributed  to  the  moderation  of  hole  transport  through 
the  overlying  oxide  by  space  charge  trapped  metastably  at  O 
vacancy  complexes[6, 11,28,29].  Decreasing  the  dose  rate  or 
increasing  the  irradiation  temperature  leads  to  an  increase  in 
net  positive  oxide  trapped  charge  near  the  Si-Si02  interface 
by  reducing  the  amount  of  space  charge  in  the  oxide  bulk. 

In  this  work,  hydrogen  transport  through  p-type  metal- 
oxide-silicon  capacitors  (MOS-Cs)  simulating  two  types  of 
bipolar  base  oxides  is  inferred  from  dopant  passivation  meas¬ 
urements.  For  0  V  irradiations,  both  the  hydrogen  passiva¬ 
tion  of  substrate  acceptors  and  the  buildup  of  Si-Si02  inter¬ 
face  traps  are  less  pronounced  at  high  dose  rate  than  at  low 
dose  rate  or  elevated  temperature.  Consistent  with  estab¬ 
lished  models  for  interface  trap  generation[30-46],  it  is  argued 
that  fewer  interface  traps  are  formed  by  high  dose  rate  irradia¬ 
tion  under  zero  bias,  because  fewer  H+  ions  can  drift  to  the 
Si-Si02  interface  and  react  with  trap  precursors.  Similar  to 
hole  transport  in  these  oxides,  drift  of  the  H+  ions  is  inhib¬ 
ited  at  high  dose  rates  by  space  charge  accumulated  in  the 
oxide  bulk. 

Furthermore,  it  is  demonstrated  that  hydrogen  passiva¬ 
tion  of  the  acceptor  impurities  results  in  a  negative  shift  in 
the  capacitor  threshold  voltage.  The  shift  in  threshold  volt¬ 
age  is  most  dramatic  between  125  and  150°C,  where  the  syn¬ 
ergism  of  accelerated  H+  transport  and  hydrogen-acceptor 
complexing  is  greatest.  A  positive  gate  bias  during  irradia¬ 
tion  reduces  the  amount  of  dopant  passivation  in  the  deple¬ 
tion  region  due  to  the  absence  of  free  carriers  and  H+  ion  drift. 
When  the  passivation  of  dopants  is  accounted  for,  the  in  situ 
annealing  of  interface  traps  at  elevated  irradiation  tempera¬ 
tures  is  found  to  be  less  severe  than  that  of  net  positive  oxide 
trapped  charge.  Implications  of  radiation-induced  dopant  neu¬ 
tralization  for  bipolar  transistor  gain  degradation  are  dis¬ 
cussed. 
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II.  EXPERIMENT 

A.  Sample  Descriptions  and  Experimental  Details 

MOS-Cs  from  the  RBCMOS  and  RF25  processes  of 
Analog  Devices,  Inc.  were  studied  in  this  work.  The  former 
is  an  experimental  radiation-hardened  bipolar  complementary- 
metal-oxide-silicon  technology  developed  for  military  appli¬ 
cations,  while  the  latter  is  a  bipolar  technology  used  for  con¬ 
sumer  amplifiers,  mixers  and  switches  that  operate  at  radio 
and  microwave  frequencies[47].  The  dielectric  in  either  type 
of  capacitor  was  fabricated  similarly  to  the  screen  oxide  over- 
lying  the  emitter-base  junctions  of  bipolar  junction  transis¬ 
tors  from  the  same  process.  Both  capacitor  types  employ 
wet  thermal  oxides  grown  on  B-doped  Si  substrates.  The 
oxides  were  subjected  to  similar  ion  implant  and  high- 
temperature  anneal  steps  known  to  create  0  vacancies  and 
vacancy  complexes[48-57].  Capacitors  from  the  RBCMOS 
process  have  an  oxide  thickness  of  55  nm  and  a  pre¬ 
irradiation  surface  doping  of  8  x  1017  cm’3.  The  oxide 
thickness  and  pre-irradiation  surface  doping  of  the  RF25  ca¬ 
pacitors  are  570  nm  and  2  x  1016  cm'3,  respectively. 

The  capacitors  were  irradiated  with  ^Co  y-rays  as  a 
function  of  total  dose,  dose  rate,  temperature  and  bias.  Lids 
on  the  device  packages  were  removed  to  avoid  dose  enhance¬ 
ment  due  to  photon  scattering[58].  Pre-  and  post-irradiation 
high-frequency  capacitance-voltage  (C-V)  measurements  were 
performed  at  1  MHz  by  sweeping  the  gate  bias  in  both  direc¬ 
tions.  The  gate  bias  was  ramped  at  60  and  10  mV/s  for  the 
RBCMOS  and  RF25  capacitors,  respectively,  which  was 
sufficiently  slow  to  avoid  deep  depletion.  To  minimize  dis¬ 
sociation  of  hydrogen-acceptor  pairs  by  minority  carriers[59- 
62],  all  of  the  irradiations  and  measurements  were  performed 
in  the  dark.  For  a  given  measurement,  midgap  voltage  shifts 
computed  from  sweeps  in  both  directions  typically  varied  by 
10%.  However,  the  trends  in  the  data  were  independent  of 
the  sweep  direction.  All  raw  C-V  characteristics  shown  in 
this  work  were  obtained  by  ramping  the  capacitors  from  ac¬ 
cumulation  to  inversion,  while  the  reported  threshold  voltage 
shifts  represent  averages  from  sweeps  in  both  directions. 
Data  points  shown  in  all  figures  denote  means  of  measure¬ 
ment  results  from  replicate  samples,  while  the  error  bars 
indicate  minimum  and  maximum  values  obtained. 

5.  Hydrogen  Neutralization  of  Acceptors 

Hydrogen  transport  through  the  bipolar  oxides  was  in¬ 
ferred  from  measurements  of  dopant  passivation  and/or  com¬ 
pensation  in  the  underlying  Si  following  irradiation.  Hydro¬ 
gen  is  known  to  neutralize  many  types  of  shallow  acceptors 
(especially  B)  in  Si[59-92].  Considerable  evidence  exists  to 
suggest  that  the  neutralization  occurs  primarily  through  two 
mechanisms.  In  the  case  of  acceptor  passivation[62,67,68, 


70,72,75,78-80,82-90],  atomic  H°  can  deactivate  B'  through 
the  reaction 

B”  +  H°  +  h+  — » (BH)°,  (1) 

where  h"  represents  a  free  hole.  In  the  passivating  state,  the 
hydrogen  atom  occupies  a  bond-centered  position  along  a 
<11 1>  axis  between  a  substitutional  B  site  and  a  neighbor¬ 
ing  Si  atom. 

In  the  case  of  acceptor  compensation[59,6 1,63,66,76, 
82,87,88,92],  electron-hole  pair  recombination  occurs  when 
H°  donates  an  electron  to  the  Si  conduction  band.  The  hy¬ 
drogen  and  boron  bond  ionically  according  to 

B”  +  H+  +  e“  +  h+  -» (BH)°,  (2) 

where  e  represents  the  free  electron.  In  (1),  the  presence  of  a 
hole  is  required,  whereas,  in  (2),  the  Coulombic  attraction  of 
ions  can  occur  in  a  region  free  of  carriers.  For  either  mecha¬ 
nism,  the  result  is  a  reduction  in  the  net  concentration  of 
electrically  active  impurities  and  a  decrease  in  the  semicon¬ 
ductor  capacitance. 

A  representative  set  of  C-V  curves  for  an  RBCMOS 
capacitor  irradiated  to  several  total  doses  is  shown  in  Fig.  1, 
where  the  measured  capacitances  are  normalized  by  the  ca¬ 
pacitance  of  the  oxide.  The  irradiation  was  performed  under 
zero  gate  bias  at  room  temperature  using  a  dose  rate  of 
0.04  rad(Si)/s.  Following  irradiation,  the  C-V  characteris¬ 
tics  undergo  a  parallel  shift  due  to  net  positive  oxide  trapped 
charge  and  stretchout  due  to  interface  traps.  In  addition,  the 
capacitance  measured  in  depletion  and  inversion  decreases 
commensurately  with  dose.  This  reduction  in  capacitance  is 
a  direct  indication  of  the  neutralization  of  substrate  acceptors 
by  hydrogen[59-92].  Flatband,  midgap  and  threshold  capaci¬ 
tances,  computed  as  a  function  of  the  net  doping  concentra- 


Fig.  1.  Effect  of  total  dose  on  the  C-V  characteristics  of  the 
RBCMOS  MOS-C.  The  capacitance  decrease  in  depletion  and 
inversion  is  a  direct  indication  of  the  neutralization  of  Si  accep¬ 
tors  by  hydrogen. 
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tion[93],  are  indicated  in  the  figure  for  clarity.  The  amount 
of  capacitance  reduction  increases  with  surface  potential  so  as 
to  exaggerate  the  slope  of  the  C-V  characteristics  between 
flatband  and  threshold. 

Assuming  a  uniform  doping  profile,  the  pre-  and  post* 
irradiation  net  doping  concentrations  were  obtained  by  itera¬ 


tively  solving[94] 

i 

(3) 

where  Cox  and  Cmin  are  the  oxide  and  minimum  capacitances 
per  unit  area,  kT  is  the  thermal  energy,  q  is  the  electronic 
charge,  £Si£0  is  the  permittivity  of  Si,  n,  is  the  intrinsic  car¬ 
rier  concentration  of  Si,  and  NB  represents  the  net  concentra¬ 
tion  of  electrically  active  dopants. 

Fig.  2  shows  the  change  in  net  doping  concentration 
with  total  dose.  Data  for  capacitors  irradiated  under  a  bias  of 
+10  V  are  included  for  comparison.  The  positive  gate  bias 
(E  =  1.8  MV/cm)  is  sufficient  to  strongly  invert  the  Si 
surface.  The  changes  in  net  doping  concentration  provide 
lower  bounds  on  the  amount  of  hydrogen  transport,  since  not 
all  of  the  hydrogen  entering  the  Si  passivates  acceptors  at 
room  temperature[62,65,91].  For  either  bias,  the  net  doping 
concentration  decreases  monotonically  with  total  dose. 
However,  for  a  given  dose,  dopant  neutralization  is  less  dra¬ 
matic  when  the  capacitor  is  positively  biased.  As  discussed 
elsewhere[95],  the  potential  gradient[59,76,82]  and  the  ab¬ 
sence  of  carriers[70,75]  in  the  depletion  region  render  the  Si 
surface  less  conducive  to  dopant  neutralization  under  positive 
bias.  A  15  min  post-irradiation  anneal  at  400°C  restored  the 
original  doping  profiles,  indicating  that  the  neutralization 
mechanisms  are  reversible[6 1,62,64,65,67,73,8 1,82,88].  Fur- 
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Fig  2.  Effect  of  total  dose  on  the  net  concentration  of  electri¬ 
cally  active  dopants  in  the  RBCMOS  MOS-C.  Neutralization  of 
dopants  in  the  depletion  region  is  less  severe  under  positive  bias 
due  to  the  absence  of  free  holes  and  the  drift  of  H*  ions. 


thermore,  a  second  radiation  exposure  demonstrated  the  repro¬ 
ducibility  of  the  dopant  neutralization[67,76]. 

C.  Charge  Separation  of  Radiation-Induced  Thresh¬ 
old  Voltage  Shift 


Densities  of  radiation-induced  net  positive  oxide  trapped 
charge  and  interface  traps  were  determined  from  the  high- 
frequency  C-V  characteristics.  Because  of  the  passivation  of 
dopants  by  hydrogen  (especially  at  elevated  irradiation  tem¬ 
peratures),  it  was  necessary  to  take  into  account  radiation- 
induced  changes  in  the  net  doping  concentration  when  per¬ 
forming  charge  separation  of  the  threshold  voltage  shifts. 
The  analysis  used  here[96]  assumes  a  uniform  doping  profile, 
uniformly  distributed  oxide  charge  and  charge  neutrality  of 
the  interface  traps  at  midgap.  A  more  exact  determination  of 
the  oxide  defect  densities  would  account  for  nonuniform  dop¬ 
ing  profiles[97).  In  the  limit  of  no  radiation-induced  change 
in  doping,  this  approach  reduces  to  the  familiar  midgap 
charge  separation  technique[98]  used  widely  in  radiation  stud¬ 
ies  of  MOS  devices. 

Threshold  voltage  shifts  due  to  radiation-induced  net 
positive  oxide  trapped  charge  and  interface  traps,  respectively, 
were  estimated  from 


where  Vmg  is  the  midgap  voltage,  V so  is  defined  as  the 
stretchout  between  the  threshold  and  midgap  voltages,  the 
subscripts  pre  and  post  refer  to  the  measurement  time  relative 
to  radiation  exposure,  and  the  superscript  0  denotes  a  theo¬ 
retical  value  assuming  the  absence  of  oxide  defects. 

An  additional  component  of  threshold  voltage  shift  due 
to  dopant  passivation  was  computed  from 


where  V:h  represents  the  threshold  voltage. 

Theoretical  values  for  the  midgap  and  threshold  volt¬ 
ages,  respectivelv.  were  evaluated  at  =  Vq  {qs  —  0.: )  and 

v,0h  =  Vg(*s  =  20y),  where[99]‘ 

V£(0S)  =  <t>s  +  -^-[2qeSi£0NB  <PS)2  (7) 

('ox 


describes  the  ideal  relationship  between  the  gate  voltage,  Vc, 
and  the  surface  potential,  and  the  Fermi  potential  is  de¬ 
fined  as 


(8) 


1  The  gate-to-body  work  function  difference.  <ptb,  is  neglected  in 
this  analysis.  Over  the  range  of  doses  examined,  radiation- 
induced  changes  in  </>gi  are  less  than  1  mV  for  these  capacitors. 
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Fig.  3.  Effect  of  total  dose  on  the  charge-separated  threshold 
voltage  shifts  for  the  RBCMOS  MOS-C.  Hydrogen  neutraliza¬ 
tion  of  the  substrate  acceptors  shifts  the  threshold  voltage  nega¬ 
tive. 

The  major  sources  of  error  in  determining  A  are  the 
the  uncertainty  in  Cox  and  estimating  the  ratio  C0/Cmin.  Ad¬ 
ditional  sources  of  error  related  to  AVot  and  AVit  include  re¬ 
solving  the  radiation-induced  shifts  in  Vmg  and  Vth.  Under  the 
previously  stated  assumptions,  it  is  estimated  that  AVmg  and 
AVS0,  respectively,  were  resolved  to  within  0.05  and  0.1  V 
for  a  given  sweep  direction.  Assuming  an  uncertainty  of 
±5  %  in  the  gate  oxide  thickness,  the  resolution  of  AV ^  in 
this  work  is  estimated  to  be  10  %,  whereas  the  components 
AVor  and  AVit  are  accurate  to  within  15  %. 

Fig.  3  shows  the  separated  components  of  threshold 
voltage  shift  as  a  function  of  total  dose.  Radiation-induced 
interface  traps  shift  the  threshold  voltage  positive,  while  net 
positive  oxide  trapped  charge  and  dopant  passivation  shift  the 
threshold  voltage  negative.  Over  the  range  of  doses  exam¬ 
ined,  AV0{  and  AVit  are  comparable  in  magnitude.  Increased 
dopant  passivation  due  to  the  lower  E-field  leads  to  a  larger 
AV^p  for  unbiased  irradiation  than  for  biased  irradiation.  The 
bias  dependence  of  AVlt  is  consistent  with  well-known  hy- 
drogen[30-46]  and/or  trapped  hole[33-35,37,100-108]  models 
for  radiation-induced  interface  trap  formation,  where  a  moder¬ 
ately  positive  E-field  aids  the  transport  of  H+  ions  and  holes 
to  the  Si-Si02  interface.  The  trends  in  A  V0[  at  the  low  dose 
rate  indicate  more  hole  detrapping [37,3 8, 109,1 10]  and/or 
electron  compensation  of  trapped  holes[37,lll-113]  under 
positive  bias.  At  room  temperature,  AVdop  is  approximately 
25%  as  large  as  AVol  following  unbiased  irradiation. 

D.  Dose  Rate  Dependence  of  Oxide  Degradation 

The  effect  of  dose  rate  on  dopant  passivation  and  the 
buildup  of  radiation-induced  interface  traps  and  net  positive 


Fig.  4.  Effect  of  dose  rate  on  the  C-V  characteristics  of  the 
RBCMOS  MOS-C.  The  smaller  decrease  in  Si  capacitance  fol¬ 
lowing  high  dose  rate  irradiation  and  anneal  suggests  that  hy¬ 
drogen  transport  through  the  oxide  is  inhibited  at  the  high  rate. 

oxide  trapped  charge  was  investigated.  RBCMOS  capacitors 
were  inadiated  to  200krad(Si)  at  room  temperature  using 
dose  rates  of  50  and  0.04  rad(Si)/s.  Following  irradiation, 
the  capacitors  exposed  at  the  high  dose  rate  were  allowed  to 
anneal  at  room  temperature.  The  gate  bias  for  a  given  ca¬ 
pacitor  was  maintained  at  either  0  or  +10  V  during  the  irra¬ 
diation  and  the  post-irradiation  anneal. 

In  Fig.  4,  normalized  C-V  curves  are  shown  for  capaci¬ 
tors  irradiated  under  zero  bias  at  the  two  dose  rates  examined. 
To  allow  fair  assessment  of  the  effect  of  dose  rate,  the  C-V 
curve  corresponding  to  the  high  dose  rate  irradiation  was 
measured  following  a  post-irradiation  anneal  equal  in  duration 
to  that  of  the  low  dose  rate  irradiation.  A  pre-irradiation  C-V 
curve  is  included  for  comparison.  The  radiation-induced  de¬ 
crease  in  minimum  capacitance  is  less  dramatic  following 
high  dose  rate  irradiation  and  anneal  than  it  is  following  low 
dose  rate  irradiation.  This  implies  that  the  amount  of  hydro¬ 
gen  transport  into  the  Si  substrate  is  reduced  at  the  high  dose 
rate.  Furthermore,  the  additional  decrease  in  capacitance  at 
the  low  dose  rate  occurs  over  a  wide  range  of  gate  biases, 
indicating  that  increased  hydrogen  neutralization  of  Si  accep¬ 
tors  occurs  within  the  entire  depletion  region. 

Fig.  5  shows  the  change  in  net  doping  concentration  as 
a  function  of  irradiation  and  anneal  time,  where  dose  rate  and 
gate  bias  are  parameters.  Under  positive  bias,  essentially  all 
of  the  dopant  passivation  at  the  high  dose  rate  occurs  during 
the  post-irradiation  anneal.  The  agreement  in  net  doping 
changes  at  the  two  dose  rates  indicates  a  lack  of  dose  rate 
sensitivity  under  positive  bias.  By  contrast,  the  change  in 
net  doping  concentration  at  zero  bias  exhibits  both  time  and 
dose  rate  dependences.  Under  zero  bias,  approximately  50% 
more  dopant  neutralization  occurs  at  the  low  dose  rate  than  at 
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Irradiation  and  Anneal  Time  [103  s] 

Fig.  5.  Effect  of  dose  rate  on  the  net  concentration  of  electri¬ 
cally  active  dopants  in  the  RBCMOS  MOS-C.  Dopant  neutrali¬ 
zation  is  sensitive  to  dose  rate  under  zero  bias.  A  positive  gate 
bias  eliminates  the  dose  rate  dependence. 

the  high  dose  rate. 

Densities  of  radiation-induced  interface  traps  and  net 
positive  oxide  trapped  charge,  respectively,  are  plotted  as  a 
function  of  irradiation  and  anneal  time  in  Figs.  6(a)  and  6(b), 
where  the  densities  are  related  to  the  appropriate  threshold 
voltage  shifts  through  the  proportionality  constant  CJq[ 98]. 
Whereas  some  of  the  interface  traps  generated  at  the  high 
dose  rate  are  removed  by  the  unbiased  anneal,  the  biased  an¬ 
neal  increases  AN,,  by  a  small  amount  due  to  dispersive  hop¬ 
ping  of  H+  ions  to  the  Si-SiC^  interface[30-46j.  Under  bias, 
the  logarithmic  decay  of  AN0I  with  anneal  time  agrees  with 
earlier  work  on  MOS  oxides[37,38,109-114],  in  which  the 
annealing  is  attributed  to  trapped  hole  emission  and  the  tun¬ 
neling  of  substrate  electrons.  Within  experimental  uncer¬ 
tainty,  no  dose  rate  dependence  of  ANU  or  ANe,  is  evident 
under  positive  bias.  This  behavior  is  consistent  with  the 
radiation  responses  of  MOS  transistors  from  other  proc¬ 
esses^,!  14].  By  contrast,  both  AN,,  and  AN0,  exhibit  a 
measurable  sensitivity  to  dose  rate  under  zero  bias.  The  en¬ 
hancement  of  AN,,  or  AN0,  due  to  dose  rate  is  comparable  to 
that  of  ANb. 

The  trends  in  ANot  support  the  premise  that  space 
charge  accumulated  in  the  oxide  bulk  inhibits  the  buildup  of 
net  positive  oxide  trapped  charge  at  high  dose  rates[6, 11,28, 
29].  The  correlation  of  ANB  and  AN,,  as  a  function  of  dose 
rate  and  bias  further  suggests  that  the  space  charge  similarly 
affects  the  formation  of  interface  traps  by  retarding  the  trans¬ 
port  of  H+  ions.  The  unbiased  irradiations  are  particularly 
relevant  to  degradation  of  the  bipolar  transistors  simulated, 
since  design  of  the  transistors  prohibits  the  external  applica¬ 
tion  of  E-fields  across  the  base  oxide.  The  dose  rate  de¬ 
pendences  of  AN„  and  AN0,  are  qualitatively  similar  to  that  of 
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Fig.  6.  Effect  of  dose  rate  on  the  densities  of  radiation-induced 
(a)  interface  traps  and  (b)  net  positive  oxide  trapped  charge  for 
the  RBCMOS  MOS-C.  The  buildup  of  oxide  defects  is  sensitive 
to  dose  rate  under  zero  bias.  A  positive  gate  bias  eliminates  the 
dose  rate  dependence. 

excess  base  current  reported  previously  for  bipolar  transistors 
from  the  same  process[13].  Although  room  temperature, 
radiation-induced  changes  in  the  substrate  doping  of  RF25 
MOS-Cs  were  found  to  be  smaller  than  those  of  the 
RBCMOS  MOS-Cs,  the  dose  rate  response  of  these  capaci¬ 
tors  is  otherwise  consistent  with  the  understanding  of  space 
charge  limited  degradation[9,28]. 

E.  Irradiation  Temperature  Dependence  of  Oxide 
Degradation 

The  effect  of  irradiation  temperature  on  high  dose  rate 
oxide  degradation  was  examined  for  both  the  RBCMOS  and 
RF25  capacitors.  The  capacitors  were  irradiated  at  seven 
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Irradiation  Temperature  [°C] 

(b) 

Fig.  7.  Effect  of  irradiation  temperature  on  (a)  the  C-V  character¬ 
istics  and  (b)  the  charge-separated  threshold  voltage  shifts  of  the 
RBCMOS  MOS-C.  Below  125°C,  the  Si  capacitance  decreases 
dramatically  with  temperature  due  to  the  accelerated  transport  of 
hydrogen  and  the  thermal  activation  of  B-H  complexing. 

temperatures  between  20  and  175°C  using  a  dose  rate  of 
50  rad(Si)/s.  All  terminals  were  grounded  during  the  irradia¬ 
tions.  Post-irradiation  C-V  measurements  were  taken  at 
20±1°C  immediately  after  allowing  the  samples  to  cool.  A 
description  of  the  heated  test  fixture  and  temperature  metrol¬ 
ogy  employed  can  be  found  elsewhere[I2]. 

Fig.  7(a)  shows  representative  C-V  characteristics  for 
RBCMOS  capacitors  irradiated  to  50  krad(Si)  at  20  and 
125°C.  Normalized  C-V  characteristics  for  an  unirradiated 
capacitor  are  included  for  comparison.  Below  approximately 
125°C,  the  reduction  in  Si  capacitance  due  to  radiation  expo¬ 
sure  is  dramatically  enhanced  with  temperature.  The  amount 
of  capacitance  reduction  increases  with  surface  potential  be¬ 
tween  flatband  and  threshold.  The  additional  decrease  in  ca- 
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Fig.  8.  Effect  of  irradiation  temperature  on  (a)  the  C-V  character¬ 
istics  and  (b)  the  charge-separated  threshold  voltage  shifts  of  the 
RF25  MOS-C.  Near  150°C,  the  threshold  voltage  shift  due  to 
dopant  neutralization  is  comparable  in  magnitude  to  those  of 
interface  traps  and  net  positive  oxide  trapped  charge. 

pacitance  results  primarily  from  the  sensitivity  of  B-H  reac¬ 
tions  to  temperature.  Because  B-H  complexes  in  Si  are  most 
stable  near  100°C[91],  increasing  the  irradiation  temperature 
from  20  to  100°C  significantly  increases  the  likelihood  that  a 
given  H  atom  will  contribute  to  dopant  neutralization.  The 
fact  that  the  Si  capacitance  continues  to  decrease  through 
125°C  suggests  that  accelerated  hydrogen  transport  through 
these  oxides  also  contributes  to  the  reduction  in  capacitance 
at  elevated  temperatures. 

Fig.  7(b)  shows  the  charge-separated  components  of 
threshold  voltage  shift  for  the  RBCMOS  capacitor  as  a  func¬ 
tion  of  irradiation  temperature.  Over  a  limited  range,  the 
magnitudes  of  AVi(  and  AVot  increase  with  temperature.  At 
sufficiently  high  temperatures,  the  enhancement  in  each  of 
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these  components  is  moderated  by  in  situ  annealing  of  the 
radiation  damage  such  that  a  maximum  value  results.  This 
response  is  qualitatively  similar  to  the  temperature  depend¬ 
ence  of  radiation-induced  excess  base  current  observed  in  bi¬ 
polar  transistors  from  the  same  process[13].  Consistent  with 
the  trends  in  minimum  capacitance,  a  peak  in  AV ^  occurs 
near  125°C. 

Corresponding  C-V  characteristics  and  separated  thresh¬ 
old  voltage  shifts  for  RF25  capacitors  irradiated  to 
10  krad(Si)  are  shown  in  Figs.  8(a)  and  8(b),  respectively. 
The  effect  of  temperature  on  radiation  damage  is  considerably 
more  dramatic  for  this  process  than  for  the  RBCMOS  proc- 
ess[  10- 13,24,28].  The  thermal  enhancement  of  AV„  is  larger 
than  that  of  AV„  and  occurs  over  a  greater  range  of  tempera¬ 
tures.  The  threshold  voltage  shifts  are  consistent  with  oxide 
trapped  charge  annealing  at  lower  temperatures  than  interface 
traps[58,l  12,1 15-123]  and  support  the  previous  assertion[13] 
that  high  dose  rate  irradiation  at  elevated  temperature  more 
effectively  simulates  the  low  dose  rate  response  of  bipolar 
devices  whose  degradation  is  dominated  by  interface  traps. 
The  peak  in  AV^  well  above  100°C  is  further  evidence  that 
the  transport  of  hydrogen  in  Si02  is  thermally  activated. 
Within  the  range  of  125  to  175°C,  negative  shifts  in  the 
threshold  voltage  are  dominated  by  dopant  passivation  rather 
than  by  oxide  trapped  charge.  The  dependence  of  threshold 
voltage  shift  on  irradiation  temperature  is  complicated  by  the 
fact  that  the  peaks  in  AVdop,  AV0,  and  AV,,  occur  at  different 
temperatures. 

Preliminary  irradiations  of  the  RBCMOS  capacitors  to 
other  doses  indicate  that  both  the  amount  of  degradation  en¬ 
hancement  and  the  temperature  corresponding  to  maximum 
degradation  decrease  with  dose  for  each  of  the  components 
AV,,  and  AVor  Compared  to  those  reported  for  related  bipolar 
transistors  irradiated  at  a  higher  dose  rate[12,13],  the  lower 
optimum  irradiation  temperatures  for  these  components  re¬ 
flect  the  increased  annealing  of  radiation  damage  over  longer 
exposure  times.  These  trends  in  threshold  voltage  shift  with 
temperature  emphasize  the  relevance  of  dopant  passivation  in 
distinguishing  radiation-induced  oxide  defects  and  suggest 
that  hydrogen-acceptor  interactions  may  play  a  critical  role  in 
the  radiation-induced  degradation  and/or  post-irradiation  an¬ 
nealing  of  other  MOS  devices. 

ffl.  DISCUSSION 

A.  Physical  Model  For  Bipolar  Oxide  Degradation 

The  strong  dependence  of  hydrogen  transport  on  dose 
rate  and  irradiation  temperature  in  these  oxides  allows  us  to 
provide  a  more  complete  physical  model  for  mechanisms 
contributing  to  dose  rate  dependent  bipolar  gain  degradation. 
Fig.  9  provides  a  simplified  illustration  of  this  model  for  an 
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Fig.  9.  Simplified  illustration  of  the  space  charge  model  for 
enhanced  low  dose  rate  oxide  degradation  at  low-electric  fields. 
Space  charge  in  the  oxide  bulk  reduces  defect  formation  at  high 
dose  rates  by  inhibiting  the  transport  of  holes  and  H*  ions  to  the 
Si-SiOj  interface. 

npn  transistor,  in  which  the  focus  is  charge  transport  through 
the  base  oxide  at  low  and  high  dose  rates.  Ionizing  radiation 
degrade  the  gain  of  the  transistor  by  introducing  interface 
traps  and  net  positive  trapped  charge  into  the  oxide[l-8,ll, 
13,14,124-134].  The  interface  traps  increase  recombination 
along  the  base  surface  by  providing  additional  energy  levels 
through  which  the  recombination  can  occur.  Radiation- 
induced  net  positive  oxide  trapped  charge  increases  the  rate  of 
recombination  through  a  given  trap  by  reducing  the  difference 
in  carrier  concentrations  near  the  surface. 

At  low  dose  rates,  degradation  of  the  oxide  essentially 
follows  the  usual  models  for  irradiated  MOS  oxides[30-46] 
with  the  exception  that  charge  transport  is  considerably 
slower.  Assisted  by  material  work  function  differences,  ra¬ 
diation-induced  holes  transport  slowly  through  metastable 
trapping  centers  to  the  Si-SiO,  interface[6,l  1,28,29],  where  a 
fraction  of  them  are  captured  by  deep  traps  and  contribute  to 
changes  in  the  Si  surface  potential.  H*  ions,  coincidentally 
produced  by  the  cracking  of  H2  at  other  radiation-induced  de- 
fects[40,42,43,45],  transport  by  similar  retarded  interactions 
to  the  Si-Si02  interface[135,136],  where  they  react  with  Si-H 
trap  precursors  and  substrate  electrons  to  form  interface  traps 
and  H2  molecules.  The  H2  molecules  and  any  residual  H+ 
ions  subsequently  diffuse  into  the  Si,  where  they  contribute 
to  the  neutralization  of  acceptors.  The  neutralization  mecha¬ 
nisms  are  aided  by  the  breakup  of  H2  molecules[92],  while 
the  number  of  deactivated  acceptors  is  moderated  by  radiation- 
induced  minority  carriers  in  the  Si[59-62]. 

The  O  vacancy  complexes  and  related  defects[48-57, 
137,138]  that  impede  charge  transport  are  often  present  in 
large  numbers  owing  to  oxide  deposition  techniques,  high 
thermal  budgets  and  base  implants.  At  high  dose  rates,  the 
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shallow  trapping  of  ho!es[6, 11,28,29]  and  H+  ions[135]  at 
these  defects  significantly  alters  subsequent  charge  transport 
in  the  oxide.  As  the  space  charge  accumulates,  it  eventually 
dominates  !  \;iized  E-fields  and  prevents  a  portion  of  newly 
created  holes  and  H+  ions  from  ever  reaching  the  Si-Si02 
interface.  Stated  another  way,  once  a  critical  amount  of 
charge  accumulates  in  the  oxide  bulk,  holes  and  H+  ions  cre¬ 
ated  on  the  far  side  of  the  space  charge  centroid  are  pushed 
away  from  the  device  active  region.  As  a  consequence,  the 
buildup  of  interface  traps  and  net  positive  oxide  traped  charge 
are  reduced  along  with  the  attendant  dopant  neutralization.  In 
addition,  the  space  charge  can  increase  the  number  of  com¬ 
pensating  electrons  in  the  oxide  bulk,  leading  to  further  re¬ 
ductions  in  the  Si  surface  potentiaI[28]. 

At  elevated  irradiation  temperatures,  the  buildup  of 
space  charge  in  the  oxide  bulk  is  reduced  due  to  increased 
diffusion  and  faster  emission  of  holes[28,29]  and  H+ 
ions[135,139]  from  the  shallow  traps.  As  with  low  dose 
rates,  the  reduction  in  space  charge  leads  to  larger  oxide  defect 
densities,  since  more  holes  and  H+  ions  are  able  to  reach  the 
Si-Si02  interface.  An  applied  E-field  would  similarly  reduce 
the  buildup  of  space  charge  by  affecting  drift  of  the  deleteri¬ 
ous  charge  rather  than  diffusion[6, 28,29].  Due  to  in  situ 
annealing  of  the  damage,  the  maximum  densities  of  interface 
traps  and  net  positive  oxide  trapped  charge  resulting  from 
high-temperature  irradiation  are  always  smaller  than  those 
obtained  at  low  dose  rate  and  room  temperature[7,12,13,15, 
20,21,24].  By  contrast,  the  amount  of  dopant  deactivation 
near  125°C  can  exceed  the  room-temperature,  low  dose  rate 
response  due  to  more  efficient  B-H  complexing.  The  relative 
effects  of  irradiation  temperature  on  oxide  defect  annealing 
and  dopant  deactivation  generally  grow  more  severe  with 
increasing  total  dose[12,13]  or  decreasing  dose  rate. 

B.  Implications  of  Radiation-Induced  Dopant  Neu¬ 
tralization  for  Bipolar  Gain  Degradation 

The  radiation  response  of  these  oxides  raises  the  possi¬ 
bility  that  dopant  passivation  may  be  an  important  degrada¬ 
tion  mechanism  previously  not  considered  for  bipolar  de¬ 
vices.  The  potential  for  dopant  passivation  is  heightened  by 
the  fact  that  E-fields  in  many  bipolar  base  oxides  are  weak. 
The  consequences  of  dopant  passivation  for  gain  degradation 
would  depend  on  the  device  geometry  and  polarity  considered. 
In  a  pnp  device,  acceptor  passivation  would  exacerbate  radia¬ 
tion-induced  gain  degradation  by  increasing  the  back-injection 
of  electrons  into  the  emitter  and  enhancing  the  emitter  sensi¬ 
tivity  to  oxide  trapped  charge.  As  acceptors  are  neutralized, 
recombination  in  the  emitter  would  increase  due  to  spreading 
of  the  depletion  region.  These  effects  likely  are  more  pro¬ 
nounced  in  lateral  devices  due  to  localized  carrier  injection 
near  the  Si  surface.  In  an  npn  device,  the  deactivation  of 


base  acceptors  would  similarly  enhance  gain  degradation 
through  depletion  region  spreading  and  increased  series  resis¬ 
tance  in  the  base.  Such  enhancement,  however,  would  be 
moderated  by  increased  electron  injection  into  the  base.  Be- 
cause  a  decrease  in  base  doping  is  accompanied  by  a  reduction 
in  the  active  base  width,  dopant  passivation  may  also  in¬ 
crease  the  device  susceptibility  to  punch-through  and  base 
width  modulation[140].  Lastly,  due  to  its  strong  dose  rate 
and  temperature  dependences,  dopant  passivation  may  be 
critical  for  microelectronics  in  space  and  impact  hardness 
assurance  techniques  that  prescribe  high-temperature  test- 
ing[6-8, 10- 15, 18,20,21,24,25,28,29]. 

IV.  SUMMARY  AND  CONCLUSIONS 

This  work  provides  new  insight  into  the  physical 
mechanisms  contributing  to  enhanced  low  dose  rate  degrada¬ 
tion  of  bipolar  oxides.  Hydrogen  passivation  of  substrate 
acceptors  was  observed  in  irradiated  p-type  MOS  capacitors 
from  two  bipolar  processes.  Using  a  novel  technique,  the 
radiation-induced  threshold  voltage  shifts  were  separated  into 
components  due  to  interface  traps,  bulk  oxide  trapped  charge 
and  passivated  acceptors.  Dopant  passivation  shifts  the 
threshold  voltage  negative  with  total  dose  and  post-irradiation 
anneal  time.  The  passivation  is  more  dramatic  under  zero 
bias  than  under  positive  bias  due  to  a  smaller  potential  gradi¬ 
ent  and  the  presence  of  carriers  in  the  Si. 

When  time-dependent  effects  are  accounted  for,  the 
buildup  of  radiation  damage  under  positive  bias  is  independ¬ 
ent  of  dose  rate.  Under  zero  bias,  radiation-induced  densities 
of  interface  traps,  net  positive  oxide  trapped  charge  and  pas¬ 
sivated  acceptors  are  all  smaller  at  high  dose  rate  than  at  low 
dose  rate.  Elevating  the  temperature  during  high  dose  rate 
exposure  enhances  degradation  while  simultaneously  acceler¬ 
ating  the  annealing  of  damage.  These  trends  are  consistent 
with  a  physical  model  in  which  metastably  trapped  space 
charge  moderates  charge  transport  in  the  oxide.  At  high  dose 
rate,  the  space  charge  reduces  the  buildup  of  interface  traps 
and  net  positive  oxide  trapped  charge  by  inhibiting  the  trans¬ 
port  of  holes  and  H+  ions  to  the  Si-Si02  interface.  Elevating 
the  irradiation  temperature  or  applying  a  moderately  positive 
bias  reduces  the  accumulation  of  space  charge  by  accelerating 
charge  transport  through  the  oxide. 

Hydrogen  passivation  of  acceptors  may  be  an  important 
degradation  mechanism  previously  not  considered  for  irradi¬ 
ated  bipolar  devices.  Possible  consequences  of  dopant  pas¬ 
sivation  for  the  performance  of  bipolar  transistors  include  a 
direct  reduction  in  gain,  increased  device  sensitivity  to  oxide 
trapped  charge,  punch-through  and  base  width  modulation. 
Future  work  in  this  area  should  include  a  critical  examination 
of  these  issues  and  how  they  impact  linear  circuit  and  system 
performance  in  space. 
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TECHNOLOGY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  "architect-engineer”  for  national  security  programs,  spe¬ 
cializing  in  advanced  military  space  systems.  The  Corporation’s  Technology  Operations  supports  the 
effective  and  timely  development  and  operation  of  national  security  systems  through  scientific  research 
and  the  application  of  advanced  technology.  Vital  to  the  success  of  the  Corporation  is  the  technical 
staffs  wide-ranging  expertise  and  its  ability  to  stay  abreast  of  new  technological  developments  and 
program  support  issues  associated  with  rapidly  evolving  space  systems.  Contributing  capabilities  are 
provided  by  these  individual  Technology  Centers: 

Electronics  Technology  Center:  Microelectronics,  VLSI  reliability,  failure  analy¬ 
sis,  solid-state  device  physics,  compound  semiconductors,  radiation  effects,  infrared  and 
CCD  detector  devices,  Micro-Electro-Mechanical  Systems  (MEMS),  and  data  storage  and 
display  technologies;  lasers  and  electro-optics,  solid  state  laser  design,  micro-optics, 
optical  communications,  and  fiber  optic  sensors;  atomic  frequency  standards,  applied  laser 
spectroscopy,  laser  chemistry,  atmospheric  propagation  and  beam  control, 

LID  AR/L  AD  AR  remote  sensing;  solar  cell  and  array  testing  and  evaluation,  battery 
electrochemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluation  and  characterization 
of  new  materials:  metals,  alloys,  ceramics,  polymers  and  composites;  development  and 
analysis  of  advanced  materials  processing  and  deposition  techniques;  nondestructive 
evaluation,  component  failure  analysis  and  reliability;  fracture  mechanics  and  stress 
corrosion;  analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures; 
launch  vehicle  fluid  mechanics,  heat  transfer  and  flight  dynamics;  aerothermodynamics; 
chemical  and  electric  propulsion;  environmental  chemistry;  combustion  processes; 
spacecraft  structural  mechanics,  space  environment  effects  on  materials,  hardening  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  lubrication  and 
surface  phenomena;  microengineering  technology  and  microinstrument  development. 

Space  and  Environment  Technology  Center:  Magnetospheric,  auroral  and 
cosmic  ray  physics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmo¬ 
spheric  and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing,  hyperspectral  imagery;  solar  physics,  infrared  astronomy,  infrared  sig¬ 
nature  analysis;  effects  of  solar  activity,  magnetic  storms  and  nuclear  explosions  on  the 
earth’s  atmosphere,  ionosphere  and  magnetosphere;  effects  of  electromagnetic  and 
particulate  radiations  on  space  systems;  component  testing,  space  instrumentation; 
environmental  monitoring,  trace  detection;  atmospheric  chemical  reactions,  atmospheric 
optics,  light  scattering,  state-specific  chemical  reactions  and  radiative  signatures  of  mis¬ 
sile  plumes,  and  sensor  out-of-field-of-view  rejection. 


